Abstract: This paper presents an efficient and high-sensitive micro-sensor designed for wall shear stress measurement. The main technical application targeted is flow separation detection for closed-loop active flow control. The sensor is a temperature-resistance transducer operating on heat transfer. The device is micro-structured with three substrate-free wires presenting a high aspect ratio, and periodic perpendicular micro-bridges ensuring mechanical toughness and thermal insulation. This design achieves a homogeneous temperature distribution along the wires. Welded on a flexible printed circuit, the sensor is wall-mounted on a wind tunnel. The experiments, conducted in both attached and separated flow configurations, demonstrate the sensor sensitivity to wall shear stress up to 2.4 Pa and the ability of the 3-wires based design to perform flow direction sensing for back-flow detection.
Introduction
The reduction of fuel burn and the related CO2 emission is one of the main current goals of research in vehicles and one of the ways is to improve the aerodynamic performances. Active flow control is one of the means to reach this objective for current high lift devices [1] . At high angle of attack, the apparition of flow separation decreases the aerodynamic performances on two aspects: the lift is reduced and the drag is increased. Therefore, the main objective of active flow control is to keep the flow attached on the largest part of the wing. Accurate near wall flow measurements play a key role for this achievement. Sensors are needed to measure flow parameters at high frequencies with a high spatial resolution [2] and micro-electro-mechanical system (MEMS) sensors are potential candidates for precise and located measurements.
One of the main flow parameters considered is the wall shear stress τ, proportional to the derivative of the flow velocity u with respect to the vertical axis y. At the flow separation point the wall shear stress vanishes and becomes negative when the flow is separated. Separation is characterized by a recirculation zone, where the flow direction changes. The wall shear stress variations are usually indirectly measured using thermal anemometry. The basic principle of anemometry involves a metallic wire heated by an electric current and cooled by the surrounding flow. The corresponding sensors are called hot-wire sensors when the wire is free in the flow, and hot-film sensor when the wire is deposited on an insulating film. Both hot-wires and hot-films can be manufactured using micro-machining techniques [3, 4] .
In this paper, we present the work realized on a novel and efficient thermal micro-sensor designed as an intermediate structure between hot-films and hot-wires, for flow separation detection [5] [6] [7] . This transducer is able to measure wall shear stress variations and to detect flow direction, especially the back-flow present in a separated flow. This paper presents the design of the sensor, then the electrical and thermal characterizations and finally some experiments conducted in a turbulent boundary layer wind tunnel, in attached and separated flows configurations to characterized it.
The Sensor Design
The sensor design aims to balance the advantages of both hot-wire sensors (sensitivity, limited heat losses) and hot-film sensors (robustness). The structure is indeed composed of three parallel substrate-free wires, mechanically supported by silicon oxide micro-bridges, as seen in a Scanning Electron Microscopy picture and schematic of the sensor ( Figure 1 ). As the wires are separated from the substrate like hot-wire sensors, the thermal losses are limited. The mechanical support by a set of regularly spaced silicon oxide micro-bridges allows the wires to reach a high aspect ratio with a total length of 1 mm for 3 μm wide and enables toughness to the flow. The central wire is the hot wire as classically defined, which works similarly to conventional hot-wire sensors as it is heated by an electric current. As the flow velocity cools the wire by forced convection, the temperature variations are transduced by the resistance variations of the wire. The two other sensing wires are placed on both sides of the central wire. The central heater heats them. They are used to detect the flow direction using calorimetric principle. The wires are indeed designed to be set perpendicularly to the flow. Therefore the lateral wire upstream the flow is more cooled than the lateral wire downstream the flow and the resistance difference between them indicates the flow direction.
Experimental Setup
The sensor was calibrated in a turbulent boundary layer wind tunnel (Figure 2a ) as previously published in [6] . The calibration results are presented in Figure 2b . The experiments presented in the current paper, consist in placing the sensor at the trailing edge of a NACA0020 airfoil model ( Figure 3 ) and evaluating the sensor ability to detect flow separation. The wing is 30 cm wide and has a 25 cm long chord. The sensor is stuck on surface of the wing, placed at 1 cm from the trailing edge corresponding to 
Results and Discussion
The experiment results are presented in Figure 4a ,b. Figure 4a presents the resistance variation of the central wire, corresponding to the amplitude of wall shear stress variation and Figure 4b shows the difference of resistance between the two lateral wires, indicative of the flow direction.
In Figure 4a , the sensor resistance variation decreases while changing the AOA, up to 10°, indicating that the flow velocity at the sensor location decreases. It increases at 15° compared to 10°. The flow separation occurs then either between 5° and 10° or between 10° and 15°.
In Figure 4b , the difference of resistance between the two lateral wires changes its sign between 5° and 10°. When flow separation occurs, the flow reverses its direction. Compared to the Figure 4a , the additional information provided by Figure 4b states that separation occurs between 5° and 10°, for the three flow velocities. XFOIL simulations were realized to validate the experimental results. Figure 5 presents the results for 22 m/s and expresses the H shape factor versus the angle of attack. [8] states that flow separation occurs for H superior to 2.5 for a turbulent flat plate, and the numerical results demonstrates a separation for 7°, validating experimental data. The same simulations were performed for 18 m/s and 26 m/s, indicating separation for respectively 8° and 6°. 
Conclusions
As a conclusion, this paper presents the work realized on the aerodynamic characterizations of an original MEMS thermal flow sensor designed for flow separation detection. The experiments demonstrated the sensor ability to measure the wall shear stress amplitude variations using classical thermal anemometry principle, and to detect the flow direction at the same location. Flow separation on a airfoil model was detected by the sensor and the results were confirmed using numerical simulation on XFOIL software. Obtaining simultaneously the variations of the wall shear stress amplitude and direction increases the stability and robustness of flow control strategies. Further work is currently done on a flap model to perform active flow control using the presented MEMS sensors as sensing devices and pulsed jets for actuation.
